Both aging and Alzheimer's disease (AD) are associated with widespread epigenetic changes, with most evidence suggesting global hypomethylation in AD. It is, however, unclear how these age-related epigenetic changes are linked to molecular aberrations as expressed in animal models of AD. Here, we investigated age-related changes of epigenetic markers of DNA methylation and hydroxymethylation in a range of animal models of AD, and their correlations with amyloid plaque load. Three transgenic mouse models, including the J20, APP/PS1dE9 and 3xTg-AD models, as well as Caribbean vervets (a non-transgenic non-human primate model of AD) were investigated. In the J20 mouse model, an age-related decrease in DNA methylation was found in the dentate gyrus (DG) and a decrease in the ratio between DNA methylation and hydroxymethylation was found in the DG and cornu ammonis (CA) 3. In the 3xTg-AD mice, an age-related increase in DNA methylation was found in the DG and CA1-2. No significant age-related alterations were found in the APP/PS1dE9 mice and non-human primate model. In the J20 model, hippocampal plaque load showed a significant negative correlation with DNA methylation in the DG, and with the ratio a negative correlation in the DG and CA3. For the APP/PS1dE9 model a negative correlation between the ratio and plaque load was observed in the CA3, as well as a negative correlation between DNA methyltransferase 3A (DNMT3A) levels and plaque load in the DG and CA3. Thus, only the J20 model showed an age-related reduction in global DNA methylation, while DNA hypermethylation was observed in the 3xTg-AD model. Given these differences between animal models, future studies are needed to further elucidate the contribution of different AD-related genetic variation to age-related epigenetic changes.
Introduction
Alzheimer's disease (AD) is a complex age-related neurodegenerative disorder and the most common form of dementia (Sosa-Ortiz et al., 2012) , for which presently no effective treatment exists (Lansdall, 2014; Raina et al., 2008) . Although recent studies indicate that the widespread neurodegeneration in the AD brain may be initiated in brainstem regions (Stratmann et al., 2015) , the development of cognitive impairment is associated with degeneration of the entorhinal cortex and hippocampus (Bartsch and Wulff, 2015) . The exact molecular mechanisms underlying the neurodegeneration in AD remain unclear. Nevertheless, there are two pathological hallmarks; extracellular neuritic plaques and intracellular neurofibrillary tangles, which are thought to play a pivotal role in the progression of AD and that are currently the basis of a definitive postmortem AD diagnosis (Defina et al., 2013; Kurz and Perneczky, 2011) . These protein aggregates mainly consist of amyloid-β (Aβ) and hyperphosphorylated tau, respectively. Genetic studies have offered important insights and have confirmed the importance of Aβ, especially in the development of familial forms of AD, by identifying mutations in the amyloid precursor protein (APP) and presenilin (PS) genes that are associated with familial AD (Price and Sisodia, 1998) . Table 1 Overview of investigated animal models.
Animal model 12.2 years (n = 1) 14 years (n = 1) 14.9 years (n = 1) 15 years (n = 2) 16.4 years (n = 1) 17 years (n = 2) 19 years (n = 1) 24 years (n = 1) 27.4 years (n = 1) 32 years (n = 1) a The 3xTg-AD mice used in this paper appeared to have a 2-3 month delay in Alzheimer's disease pathology compared to previously published reports, possibly due to a loss of transgene copies with successive breeding (see https://www.jax.org/ strain/004807).
b
This was the youngest vervet with plaques and cognitive impairment, but note that while generally plaque deposition increases with age, there is no clear relationship between age and, onset of plaque pathology, and cognitive decline (see Supplementary Fig. 9 ). NA, not applicable.
A growing body of evidence indicates that epigenetics may play a crucial role in complex age-related neurodegenerative diseases such as AD (Iatrou et al., 2016; Lardenoije et al., 2015a; van den Hove et al., 2014) . Epigenetic processes dynamically regulate gene expression at both the transcriptional and translational level (Choudhuri, 2011) . They are thought to be able to translate environmental exposures into alterations in gene expression (Liu et al., 2008) . In particular, DNA methylation has received attention in the context of AD, and DNA hydroxymethylation has more recently also been increasingly studied (Chouliaras et al., 2010; Lardenoije et al., 2015a; van den Hove et al., 2012) . Our group and others have found that with normal aging, region-specific DNA methylation and hydroxymethylation, as well as DNA methyltransferase 3A (DNMT3A) levels rise (Chouliaras et al., 2011 (Chouliaras et al., , 2012a Hernandez et al., 2011; Lardenoije et al., 2015b; Münzel et al., 2010; Song et al., 2011) . In AD, however, overall DNA methylation and hydroxymethylation levels appear to be lowered (Chouliaras et al., 2013; Condliffe et al., 2014; Mastroeni et al., 2010) . Depending on the brain region, and likely also methodological differences (e.g. concerning tissue processing), there are, however, also conflicting reports, showing no changes in DNA methylation levels between AD patients and controls , or increased DNA methylation and hydroxymethylation levels (Coppieters et al., 2014) . Recent studies employing techniques such as Illumina's HumanMethylation450 BeadChip assay have provided further insights beyond global changes in epigenetic markers Lunnon et al., 2014) . These epigenome-wide association studies on homogenates of brain samples can help to identify important new candidate genes that, through altered epigenetic regulation, may play a role in the pathogenesis of AD.
Many studies investigating epigenetic changes related to AD have studied differences between postmortem brain tissue from diseased and control cases. To go beyond associations and elucidate the exact functional and potentially causal role of epigenetic dysregulation in the course of AD, live model systems are required. To this end, a plethora of AD animal models have been established, including many transgenic rodent models that overexpress mutated human genes that have been associated with rare forms of familial AD (van Goethem et al., 2014) , but also non-human primate models that naturally develop Aβ plaque pathology have been used (Frost et al., 2013; Woodruff-Pak, 2008) . While these animal models capture some of the molecular, physiological, or behavioral aspects of AD, none of the animal models display the full complexity of AD (Cavanaugh et al., 2014) . Most animal models have been characterized based on classical hallmarks of AD, such as plaque development and cognitive impairment, but there are currently no reports comparing different animal models of AD on an epigenetic level. The aim of the present study was therefore to investigate agerelated changes in epigenetic markers related to DNA methylation (5-methylcytosine [5mC] and DNMT3A) and DNA hydroxymethylation (5-hydroxymethylcytosine [5hmC]), in three genetically different transgenic mouse models of AD and a non-human primate model that naturally develops Aβ plaque pathology (Frost et al., 2013; Lemere et al., 2004) . In addition, correlations between 5mC, 5hmC, and DNMT3A immunoreactivity (IR) and amyloid plaque load were assessed, and compared with findings in humans and other studies related to epigenetic dysregulation in AD.
Materials and methods

Animal models
For this study, 3 transgenic mouse models of AD were used, including J20 mice on a C57BL6 background (Mucke et al., 2000) , APP/ PS1dE9 mice on a C57BL6J background (Garcia-Alloza et al., 2006; Jankowsky et al., 2001) , and 3xTg-AD mice on a C57BL6 background (Oddo et al., 2003) . J20 mice harbor the mutated human APP gene (APPK670N/M671L, V717F), APP/PS1dE9 mice express both mutated humanized APP and human PS1 (APPK595N/M596LPS1 deletion of exon 9), and 3xTg-AD mice express 3 mutated human genes, APP, PS1, and microtubule-associated protein tau (MAPT) (APPK670N/M671L, PS1M146V, TauP301L). In addition to these transgenic mouse models, archived fixed brain tissue from 12 Caribbean vervets (Chlorocebus sabaeuss; 12.2-32 years of age) was used (Behavioral Science Foundation, St. Kitts) (Lemere et al., 2004) . See Table 1 for additional information about the used animal models. The Harvard Medical Area Standing Committee approved of the use of mice at Brigham and Women's Hospital, which is in line with all state and federal regulations. Vervet brain tissue was retrieved following protocols approved by the Behavioral Science Foundation Animal Care Committee acting under the auspices of the Canadian Council on Animal Care.
Tissue preparation
After anesthetization via CO 2 inhalation, mice were perfused with 20 mL ice-cold saline. The brains were then removed and hemisected, fixed in 10% formalin or 4% paraformaldehyde for 2 to 24 h, paraffinembedded, and further sectioned into 10 μm-thick slices. The archived non-human primate brain tissue was formalin-fixed for months to several years and was divided into nine rostrocaudal regions, paraffinembedded and further cut into 10 μm-thick coronal sections.
Immunohistochemistry
Ten micron-thick serial sagittal mouse brain sections or coronal vervet brain sections were used for immunohistochemistry. All steps were performed at room temperature unless specified otherwise. Sections were first deparaffinized in Histo-Clear (National Diagnostics, Atlanta, GA) and rehydrated in a series of decreasing ethanol solutions, ending with deionized water. Hydrogen peroxide (0.3%) diluted in methanol was used to quench endogenous peroxidase for 10 min. To unmask antigen-binding sites, antigen retrieval was performed with BioGenex citrate buffer (BioGenex, San Ramon, CA), keeping the solution around boiling temperature for 5 min in the microwave. Aβ42 staining on the vervet tissue required incubating the sections in 88% formic acid for 10 min. The sections were washed with deionized water for 10 min and incubated in blocking solution for 20 min. The blocking solution consisted of 10% serum dissolved in Tris-buffered saline, with serum from the same species as the secondary antibody host. The sections were subsequently incubated overnight with primary antibody, at 4°C. The following antibodies were used: a mouse monoclonal anti5mC antibody (1:1000 dilution for mouse sections and 1:500 for vervet sections; GenWay Biotech Inc., San Diego, CA), a rabbit polyclonal anti5hmC antiserum (1:10,000 dilution; Active Motif, Carlsbad, CA), a rabbit polyclonal anti-DNMT3A antibody (1:200 dilution; Santa Cruz Biotechnology, Dallas, TX), a general monoclonal IgG1 anti-Aβ antibody for staining mouse sections (3A1; 1:1000 dilution, kindly provided by Dr. Brian O'Naullain at the Ann Romney Center for Neurologic Diseases, Boston, MA), and a mouse monoclonal IgG1 anti-Aβ42 antibody for staining vervet sections (1:500 dilution; BioLegend, San Diego, CA). The 3A1 antibody binds an epitope in the Aβ N-terminus and has previously been fully characterized (Frost et al., 2015) . After another wash with deionized water, the slides were incubated with biotinylated secondary antibodies for 30 min. Secondary antibodies included a horse anti-mouse secondary antibody (Vector Laboratories, Burlingame, CA) for the 5mC antibody, a goat anti-rabbit secondary antibody (Vector Laboratories) for the 5hmC and DNMT3A antibodies, a goat anti-mouse secondary antibody (Vector Laboratories) for 3A1, and a goat antimouse antibody (SouthernBiotech, Birmingham, AL) for Aβ42. The VectorElite horseradish peroxidase ABC kit (Vector Laboratories), with 3,3'-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, MO) as chromogen, was used to visualize IR. For each staining run, omission of the primary antibody was included as a negative control, which consistently showed no staining (data not shown).
2.4. Analysis of 5mC, 5hmC and DNMT3A immunoreactivity and plaque load For each staining, 3 sagittal hippocampal sections per mouse and 2 coronal hippocampal sections per vervet were examined at approximately equidistant planes. For the IR analysis of 5mC, 5hmC, and DNMT3A stainings, images were captured from hippocampal subregions, including 4 images of the dentate gyrus (DG), 2 of the cornu ammonis (CA) 3, and 2 of the CA1-2 ( Supplementary Fig. 1 ), using the 20 × objective of a BX50 brightfield microscope (Olympus, Tokyo, Japan) in conjunction with a QIcam digital camera (QImaging, Surrey, BC, Canada). The IR in the regions of interest (DG, CA3, and CA1-2) was analyzed in the images of the hippocampal subregions using ImageJ (version 1.48v, Wayne Rasband, National Institutes of Health, Bethesda, Maryland, USA). For each image, the mean grey value of the region of interest (ROI) was measured after delineating the ROI in the image and setting a fixed threshold for background correction. Additionally, the total ROI area and ROI area above the background threshold was determined. The grey value and area measures were then combined by multiplying the background-corrected mean grey values of the ROI with the fraction of the ROI area with values above the background threshold (i.e. the specifically stained area of the ROI), to get the integrated density. This combined measurement is a more robust representation of protein levels than intensity or area alone, as for instance a decrease in area may lead to the detection of a higher mean intensity while the actual protein levels remained unchanged.
The fraction of the hippocampal area containing plaques was determined in the sections stained for 3A1 with a BIOQUANT image analysis setup (Nashville, TN, USA), and using a fixed threshold of detection. For this analysis, the hippocampus was manually delineated using the 4× objective, after which plaques where automatically detected based on the fixed threshold. Before performing the final measurements, artifacts were manually removed. The sections of the vervet brains varied in plane-cut and often only a part of the hippocampus could be assessed on a single section, which made them unsuited for a BIOQUANT analysis. The plaque load in the vervets was therefore semiquantitatively scored, with 0 for no plaques, 1 for plaques in the temporal cortex but not inside the hippocampus, 2 for 1 to 5 plaques in the hippocampus, 3 for 6 to 10 plaques in hippocampus, 4 for 11 to 100 plaques in hippocampus, and 5 for more than 100 plaques in hippocampus. All slides and images were processed blinded and in a randomized order.
Statistical analysis
To compare the relative degree of DNA methylation and hydroxymethylation between ages, the ratio of the integrated density of 5mC and 5hmC was calculated (i.e. 5mC IR / 5hmC IR). Before performing the analyses and generating plots, the data was scaled through division by the root mean square of the data per region, to allow for a better comparison between the different stainings. For each animal model, hippocampal subregion, and epigenetic marker, including the 5mC:5hmC ratio, a linear regression model was fitted with integrated density as the outcome and age as the predictor, coded both as continuous variables. The data was visually inspected for abnormalities and quantile-quantile plots of the regression model residuals were analyzed to check for severe deviations from normality. The correlation between the epigenetic markers and plaque load was determined by calculating Kendall's tau. For all significance tests, the alpha was set at 0.05. The ImageJ measurements were collected in Microsoft Excel 2013 (Microsoft, Redmond, WA) and processed, normalized, and analyzed in R (version 3.2.2; The R Foundation, Vienna, Austria) and RStudio (version 0.99.486; The Foundation for Open Access Statistics, Boston, MA). In addition to standard R functions, the dplyr package was used for data handling (Wickham and Francois, 2015) , the Kendall package was used for the Kendall correlation analysis (McLeod, 2011) , and the ggplot2 package was used for generating graphs (Wickham, 2009 ).
Results
Qualitative analysis of 5mC, 5hmC, and DNMT3A IR
Three main hippocampal subregions (DG, CA3, and CA1-2) were examined by immunohistochemical analysis as shown in Supplementary Fig. 1 . A few (7%) images were excluded from the analysis due to artifacts. Visual inspection of the analyzed images indicated most cells show nuclear 5mC, 5hmC, and DNMT3A IR . DNMT3A, however, also appeared to be expressed outside the nucleus, especially in the CA3. The vervet tissue also exhibited some extranuclear 5mC and 5hmC IR. Upon closer observation, the 5hmC and DNMT3A signals appeared diffusely throughout the nucleus, whereas the 5mC signal was limited to a small number of distinct punctuae. Again, the staining pattern in the vervet tissue deviated from this general pattern and appeared diffusely throughout the nucleus for 5mC, 5hmC, and DNMT3A.
A conservative visual comparison of the stainings at the different ages did not reveal obvious age-related changes in IR of the epigenetic markers in the J20 (Supplementary Fig. 2 ) and APP/PS1dE9 models ( Supplementary Fig. 3 ). In the 3xTg-AD model an age-related increase of 5mC signal can be observed mainly in the DG, but also the CA3 and CA1-2 ( Supplementary Fig. 4 ). The vervet images did not show any consistent age-related alterations in IR ( Supplementary Fig. 5 ). The hippocampal DNMT3A signal was generally too variable to draw any conclusions based on visual inspection alone. Some of these observations were confirmed through a semiquantitative analysis.
Semiquantitative analysis of 5mC, 5hmC, and DNMT3A IR
Quantile-quantile plots of the residuals of the regression models were inspected, and although the residuals of some individual models showed deviations from normality, there were no overall indications for either right-or left-skewness of the residuals. Linear regression showed a statistically significant age-related decrease of 5mC IR (β = −0.034, p = 0.037) and the 5mC:5hmC ratio (β = − 0.037, p = 0.018) in the DG, and of the 5mC:5hmC ratio in the CA3 (β = − 0.037, p = 0.038), in the J20 transgenic mouse model (Fig. 1) . No statistically significant age-related changes of 5mC IR were observed in APP/PS1dE9 mice ( Fig. 2) . In contrast to the J20 mice, a statistically significant age-related increase of 5mC IR was found in the DG (β = 0.022, p = 0.033) and CA1-2 (β = 0.022, p = 0.037) of the 3xTg-AD model (Fig. 3) . Also, no statistically significant age-related changes of 5mC IR were observed in vervets (Fig. 4) , and no changes in 5hmC or DNMT3A were detected in any of the tested animal models (Figs. 1-4).
Plaque load correlates mainly with 5mC IR
As expected, all of the oldest animals of the transgenic mouse models exhibited Aβ plaques , varying between 17% and 63% of the hippocampus being covered in plaques. The regional distribution of the plaques in the different hippocampal subregions was, however, highly variable between the different mouse models. Hippocampal plaque density was the highest in the J20 model and plaques were observed within (and in vicinity of) the investigated subregions ( Supplementary Fig. 6 ). In the APP/PS1dE9 model, Aβ plaques were present throughout the hippocampus, but the load was lower than that seen in the J20 model ( Supplementary Fig. 7 ). In the 3xTg-AD model, however, plaques were mainly located in the dorsal subiculum and deeper layers (oriens and alveus) of the hippocampus, with a generally low plaque load close to the investigated regions ( Supplementary Fig. 8 ). In the vervets, the oldest animals did not necessarily have the most severe pathology (Supplementary Fig. 9 ). In general, however, the occurrence of plaque pathology increases with age, as the six animals (of 15, 16.4, 19, 24, 27 .4 and 32 years old) that had plaque pathology in temporal cortex and/or hippocampus were on average older than the other vervets (of 12.2, 14, 14.9, 15, 17 and 17 years old).
Correlation analysis between plaque load and 5mC, 5hmC, or DNMT3A IR revealed statistically significant inverse correlations in the J20 model between plaque load and 5mC IR in the DG (tau = − 0.49, p = 0.034) and between plaque load and the 5mC:5hmC ratio in the DG (tau = −0.52, p = 0.024) and CA3 (tau = − 0.46, p = 0.047) (Fig. 5) . In the APP/PS1dE9 model a significant negative correlation between the 5mC:5hmC ratio and plaque load was observed in the CA3 (tau = −0.71, p = 0.019), and a negative correlation between DNMT3A and plaque levels in the DG (tau = −0.56, p = 0.048) and CA3 (tau = − 0.61, p = 0.029) (Fig. 6 ). In the 3xTg-AD model and vervets no statistically significant correlations between plaque load and epigenetic markers were observed ( Fig. 7 and Fig. 8, respectively) .
Discussion
Age-related alterations of 5mC, 5hmC, and DNMT3A, three epigenetic markers previously associated with aging, age-related cognitive decline, and/or AD, were investigated in 3 transgenic mouse models of AD and a non-human primate model that is known to develop Aβ plaque pathology with age. Semi-quantitative analysis of 5mC, 5hmC, and DNMT3A IR indicated striking differences in age-related DNA methylation patterns between the different models, while none of the models showed age-related differences in levels of DNA hydroxymethylation and DNMT3A. Plaque load correlated with DNA methylation and 5mC:5hmC ratio in the J20 model, and with the 5mC:5hmC ratio and DNMT3A in the APP/PS1 model, the mouse models with the most severe plaque pathology in the hippocampus.
4.1. Age-related decrease of DNA methylation levels in the DG and CA3 of J20 mice
In the present study, aging was associated with a decrease in 5mC IR in the DG and a decrease of the 5mC:5hmC ratio in the DG and CA3. Since 5hmC seems to remain stable with age, this decrease in the 5mC:5hmC ratio is likely due to a decrease in 5mC, even though 5mC IR alone was not decreased in the CA3. Furthermore, correlation analysis between hippocampal plaque load and the investigated epigenetic markers only showed a statistically significant correlation between plaque load and 5mC in the DG and the 5mC:5hmC ratio in the DG and CA3 region; the same areas that showed age-related alterations. Immunoreactivity (AU) J20 mice Fig. 1 . Semi-quantitative analysis results of age-related alterations in 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio in J20 mice. Shown are the background-corrected and scaled integrated density data plotted against the age of the animals, the fitted linear regression lines and the standard error (SE) of the regression lines, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. A statistically significant effect of age on 5mC IR was found in the DG (p = 0.037), and on the 5mC:5hmC ratio in the DG (p = 0.018) and CA3 (p = 0.038). AU, arbitrary units.
Transgenic J20 mice express human APP with both the Swedish and Indiana mutations associated with the development of familial AD (Mucke et al., 2000) . It has previously been reported that these mice already show cognitive deficits starting at 1-2 months of age, but that these impairments do not seem to progress with age up to the development of plaque pathology, which starts around 6 months of age, but ramps up around 10 months of age (Mucke et al., 2000; Webster et al., 2014) .
It is most likely that in these models based on mutations seen in familial AD, epigenetic alterations play a role in the progression of the disease and are instigated through other pathological processes directly related to these mutated genes. For instance, Aβ has been reported to influence DNA methylation, inducing global hypomethylation (Chen et al., 2009) , which is in line with the observations in the J20 model in the present study. Interestingly, the observation that the promoter of the MAPT gene, which has been implicated in AD, was hypomethylated in J20 mice already at 5 months of age indicates that epigenetic processes may be involved in the development of AD before the occurrence of senile plaques (Coupland et al., 2014) . Note, however, that the global changes in DNA methylation observed in the present study occur after the development of extracellular plaque formation.
Another study reports increased levels of histone deacetylase (HDAC) activity in J20 mice 19-20 months of age (Kuo et al., 2012) .
Although an increase in HDAC activity is generally linked to an increase in DNA methylation (Cedar and Bergman, 2009 ), this is not consistently observed in AD (Lardenoije et al., 2015a) . This inconsistency is also reflected in the present study and may implicate possible methodological differences or the existence of different pathological mechanisms with alternative effects on epigenetic profiles.
Epigenetic markers remain stable with age in APP/PS1dE9 mice
In the present study, extensive plaque deposition was observed in the hippocampus of APP/PS1dE9 mice, but no age-related epigenetic changes were detected. Interestingly, the 5mC:5hmC ratio and DNMT3A levels showed a negative correlation with plaque load. The APP/PS1dE9 transgenic mouse model expresses human PS1 with the deletion of exon 9 and humanized APP with the Swedish mutation (Jankowsky et al., 2001 (Jankowsky et al., , 2003 . This mouse model is widely used and cognitive impairments have been reported for spatial working memory as early as 4 months of age, with additional impairments in reference memory, associative learning, and passive avoidance with increasing age ( APP/PS1dE9 mice Fig. 2 . Semi-quantitative analysis results of age-related alterations in 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio in APP/PS1dE9 mice. Shown are the background-corrected and scaled integrated density data plotted against the age of the animals, the fitted linear regression lines and the standard error (SE) of the regression lines, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. No statistically significant effect of age on any of the investigated epigenetic markers was found. AU, arbitrary units.
SUMO1 of HDAC1, which can be induced by Aβ exposure, reduced cognitive impairments and neuropathology, and may thus serve as a defense mechanism against Aβ toxicity (Tao et al., 2017) . Another study in the APP/PS1dE9 mice implicated histone deacetylation of Bdnf by HDAC2 in memory performance (Hsiao et al., 2017) , and others revealed that treatment with HDAC inhibitors can ameliorate cognitive impairments in these mice (Kilgore et al., 2010) . No global differences in hippocampal histone (H) 3 and H4 acetylation levels were detected. Interestingly, studies in similar models with the same AD-related genes, but different mutations, have reported different results. A study using an APP/PS1 model expressing human PS1 with the M146V mutation, found hippocampal decreases in H4 acetylation after fear conditioning, compared to wild-type mice (Francis et al., 2009) . Treatment with an HDAC inhibitor was able to both rescue the acetylation levels and behavioral responses in the APP/PS1 mice. Similar findings were obtained in APP/PS1 mice with the APP KM670/671NL and PS1 L166P mutations (Govindarajan et al., 2011) , and in APP/PS1 mice with chimeric APP with the K670N/M671L mutation and the PS1 A246E mutation (Wang et al., 2014) . Sanchez-Mut et al. (2013) performed a DNA methylation microarray study in the frontal cortex of similar APP/PS1 mice as used by Wang et al. (2015) and observed F2rl2, Sorbs3, Spnb4, and Tbxa2r to be hypermethylated. A genome-wide analysis of DNA methylation has also been performed in cortex of the APP/PS1dE9 model (Cong et al., 2014) . In this study, sites that were observed to be differentially methylated in the APP/PS1dE9 model, as compared to wild-type controls, were mainly hypermethylated. Additionally, they identified transforming growth factor β1 and its associated signaling pathway to be mainly dysregulated. Due to the differences in approach and brain area, it is, however, difficult to compare these results with the present findings.
DNA methylation levels increase in the DG and CA1-2 of 3xTg-AD mice
In contrast to the J20 and APP/PS1 models, the 3xTg-AD model, expressing mutated APP, PS1, and MAPT, not only develops plaques, but also neurofibrillary tangles (Oddo et al., 2003) . Contrary to the J20 model, the 3xTg-AD model shows an increase in DNA methylation in the DG and CA1-2 subregions. A possible explanation for this disparity between the models would be the addition of the mutated MAPT transgene, although there is evidence that tau does not cause global hypermethylation, but hypomethylation through oxidative stress and DNA damage (Frost et al., 2014) . The 3xTg-AD mice are reported to develop extracellular amyloid deposits in frontal cortex by 6 months, Immunoreactivity (AU) 3xTg−AD mice Fig. 3 . Semi-quantitative analysis results of age-related alterations in 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio in 3xTg-AD mice. Shown are the background-corrected and scaled integrated density data plotted against the age of the animals, the fitted linear regression lines and the standard error (SE) of the regression lines, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. A statistically significant effect of age on 5mC IR was found in the DG (p = 0.022) and CA1-2 (p = 0.037). AU, arbitrary units.
which progressively spread throughout the brain by 12 months of age (Oddo et al., 2003) , and tau pathology which appears later, after about 12 to 15 months (Billings et al., 2005) . We observed a 2-3 month delay in AD pathology within our 3xTg-AD colony, possibly due to reduced transgene copies with successive breeding (see https://www.jax.org/ strain/004807). However, our findings confirm that hippocampal plaque formation occurs mainly in the deeper layers of the hippocampus and subiculum, and fewer plaques were seen in the DG, CA3, and CA1-2 subregions when compared to the J20 and APP/PS1 models. Importantly, cognitive impairments occur before the development of plaques and tangles, starting around 4 months, and correlate with intraneuronal Aβ (Billings et al., 2005) .
The direction of the DNA methylation changes may appear contra intuitive, but it appears that other studies investigating epigenetic changes in this triple transgenic model have made similar observations. For instance, Sanchez-Mut et al. (2013) found an increase in Tbxa2r, F2rl2, Spnb4, and Sorbs3 methylation, with a decrease in the corresponding mRNA levels in the cortex of 3xTg-AD mice. Walker et al. (2013) investigated age-related histone modification changes in neurons from wild-type and 3xTg-AD mice. They found that the repressive H3 lysine (K) 9 methylation marker increased with age in 3xTg-AD neurons, more so than in wild-type neurons. This finding of increased epigenetic repression of gene expression is confirmed by the detection of lower Bdnf gene expression. Importantly, increases in H3K9 methylation were already observed at 4 months, the same age at which cognitive deficits start to emerge (Walker et al., 2013) . Another study in the hippocampus of 3xTg-AD mice reported an age-related loss of H3K4 trimethylation, an epigenetic marker that is associated with gene expression (Mastroeni et al., 2015) . These observations of increased epigenetic repression are in line with the present study, as DNA methylation is also generally associated with suppression of gene expression (Bird and Wolffe, 1999) .
Interestingly, however, in neurons isolated from 3xTg-AD mice, Walker et al. (2013) also observed increases in H3 and H4 acetylation levels with age; epigenetic markers which are associated with enhanced gene expression. As stated previously, these markers decreased in the J20 and APP/PS1 models. A gene-specific analysis showed that the promoter region of the AD-associated Bace1 gene exhibited increased H3 acetylation, concomitant with increased mRNA levels, in the cortex of 3xTg-AD mice (Marques et al., 2012) . H4K12 acetylation has also been investigated as a potential biomarker in blood monocytes of 3xTg-AD mice and it was found that this marker was elevated at 10 months of age, during the development of plaque pathology, but not anymore at Caribbean vervets Fig. 4 . Semi-quantitative analysis results of age-related alterations in 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio in Caribbean vervets. Shown are the background-corrected and scaled integrated density data plotted against the age of the animals, the fitted linear regression lines and the standard error (SE) of the regression lines, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. No statistically significant effect of age on any of the investigated epigenetic markers was found. AU, arbitrary units.
20 months of age when plaque pathology is already widespread (Plagg et al., 2015) . Nevertheless, treatment with HDAC inhibitors is also able to improve cognition in the 3xTg-AD mice (Green et al., 2008; Sung et al., 2013) . It is therefore necessary for future studies to elucidate which genes are affected by these global changes in histone acetylation, as treatment with HDAC inhibitors may have a beneficial effect independent of AD-related alterations in histone acetylation. This is exemplified by studies showing beneficial effects of HDAC inhibitors during normal aging (Peleg et al., 2010) .
In the present study, we do not detect any significant age-related changes in 5hmC IR. Another immunohistochemical study, however, comparing wild-type and 3xTg-AD mice at 17 months detected an increase in cortical 5hmC levels (Cadena-del-Castillo et al., 2014) . These differences may be due to differences in methodology, brain area investigated, and age of the studied animals, and clearly, stress the sensitive and complex nature of epigenetic processes and investigations thereof.
No age-related alterations of global epigenetic marks are detected in the hippocampus of Caribbean vervets
We observed no age-related changes in the level of epigenetic marks in the hippocampus of vervets. As opposed to the transgenic mouse models, the vervets serve as a more natural model of AD as some of these non-human primates develop AD-like pathology as they age, without the introduction of mutated transgenes. Interestingly, as AD in humans generally develops at advanced ages, vervets exhibit plaque pathology as early as 15 years, while their lifespan is only 15 to 20 years in the wild (as opposed to 20 to 30 years in captivity) (Lemere et al., 2004) . In general, plaque deposition in vervets starts in the frontal cortex and spreads with age (C. Lemere, personal communication), sometimes approaching, by 30 years of age, Aβ pathology as seen in human AD. In the J20 and 3xTg-AD models, the most drastic changes in the levels of the studied epigenetic marks were seen in the extremely old age groups. Thus, it may be the case that AD-pathology in the vervets was not advanced enough, especially in the hippocampus, to induce detectable changes. As the pathology in the vervets was much more variable than in the transgenic mice, the sample size may have been too small to detect significant correlations between Aβ pathology Immunoreactivity (AU) J20 mice Fig. 5 . Correlation analysis results between epigenetic markers 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio, and plaque load in J20 mice. Shown are the background-corrected and scaled integrated density data plotted against the scaled fraction of hippocampal area covered by plaques, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. Fitted linear regression lines are shown for clarity. A statistically significant correlation with plaque load was found for 5mC IR in the DG (tau = − 0.49, p = 0.034), and the 5mC:5hmC ratio in the DG (tau = − 0.52, p = 0.024) and CA3 (tau = − 0.46, p = 0.047). AU, arbitrary units.
and the epigenetic markers. Alternatively, the long-term fixation of the archived vervet brain tissue may have limited the accessibility of antigens for accurate immunohistochemical detection.
Other studies focusing on age-related epigenetic alterations in vervets are scarce, although a study investigating blood DNA methylation in relation to a high fat diet also found no significant association between age and DNA methylation levels (ages between 9.7 and 23.7 years) (Pheiffer et al., 2014) .
Translational validity
Given the discrepancy in observations regarding DNA methylation across the different animal models, it is essential to compare the results from the animal models with observations from human and related studies in order to elucidate how the genetically different models may be able to reflect the epigenetic alterations associated with AD. However, as noted previously, differences in brain regions and methodology already hamper comparisons between studies performed on human tissue, let alone comparisons with other species. Additionally, whereas animal models have the advantage to facilitate the study of the temporal sequence of events, human studies focusing on brain markers generally need to rely on post-mortem tissue. Therefore, instead of comparing changes over time, they compare diseased with control brains. It is also important to consider that non-human primates and humans have greater genetic heterozygosity and environmental diversity than homogenous transgenic mouse models.
Targeted approaches aside, there are several studies that investigated AD-related global changes in DNA methylation and hydroxymethylation markers using human brain material. Initial studies, also by our group, have shown an AD-associated global DNA hypomethylation and hypohydroxymethylation in the entorhinal cortex and hippocampus (Chouliaras et al., 2013; Mastroeni et al., 2010) . These studies also found an AD-associated decrease in DNA methylation and hydroxymethylation in a monozygotic twin pair of which only one developed AD. Other groups, however, either did not find significant changes in global DNA methylation in the entorhinal cortex (Lashley et al., 2015) , or even increases in DNA methylation and hydroxymethylation in the hippocampus, middle frontal gyrus and middle temporal gyrus (Bradley-Whitman and Lovell, 2013; Coppieters et al., 2014) . Although these studies do not all show the same direction of change, they observe similar alterations in DNA methylation and hydroxymethylation, whereas Condliffe et al. (2014) only DNA hydroxymethylation in the entorhinal cortex and cerebellum. Rao et al. (2012) only investigated DNA methylation and found an increase in the frontal cortex of AD patients. Using the HumanMethylation450 BeadChip assay on tissue from the dorsolateral prefrontal cortex De Jager et al. (2014) reported a modest increase of the methylation value of differentially methylated loci in AD.
Since findings in the same brain region also disagree, it is unlikely that the discrepancies can be explained solely by differences in brain areas. As has been noted previously (Coppieters et al., 2014; Lardenoije et al., 2015a; Lashley et al., 2015) , the most likely explanation would be differences in methodology, such as tissue processing and quantification methods. To elucidate how differences in methodology can influence detected DNA methylation and hydroxymethylation levels, different procedures should be systemically tested on the same tissue, and vice versa, the same approach should be used on various tissues. For the present study, however, similar methodology was used to process all of the mouse tissues and to quantify the epigenetic markers. The different observations for the various mouse models would thus point to a genotype effect, possibly due to the expression of different transgenes and/ or the use of different promoters. A genotype effect, in turn, is unlikely to explain the differences between the human studies as they generally study mixed samples of, based on the average age, mainly late-onset AD, although due to the large age-range and lack of (reported) genetic tests also familial cases may be included (Coppieters et al., 2014) .
To get a better idea of the direction of the epigenetic changes in AD it may help to look at related studies. Observations from in vitro work related to the effect of Aβ and APP mutations on DNA methylation, are more consistent and indicate there is global hypomethylation (Chen et al., 2009; Hodgson et al., 2013; Sung et al., 2011) . Additionally, work on tau indicates that it induces global heterochromatin loss, which may lead to aberrant gene expression patterns in AD (Frost et al., 2014) . A loss of heterochromatin also points towards a hypomethylated state of the DNA.
DNMTs depend on S-adenosylmethionine (SAM) as methyl donor and some studies have found striking deficiencies of SAM and S-adenosylhomocysteine (SAH), the demethylated metabolite of SAM, throughout the AD-afflicted brain and cerebrospinal fluid (Bottiglieri et al., 1990; Eto et al., 2002; Morrison et al., 1996) . In vitro work investigating the relationship between folate, SAM, and DNA methylation indicates a SAM deficiency leads to global hypomethylation (Fuso et al., 2005) . Another study found increased levels of brain SAH in AD patients and showed that SAH inhibits methyltransferases, suggesting that increased levels of SAH would also lead to DNA hypomethylation (Kennedy et al., 2004) . Others have indeed shown decreased Immunoreactivity (AU) 3xTg−AD mice Fig. 7 . Correlation analysis results between epigenetic markers 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio, and plaque load in 3xTg-AD mice. Shown are the background-corrected and scaled integrated density data plotted against the scaled fraction of hippocampal area covered by plaques, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. Fitted linear regression lines are shown for clarity. No statistically significant correlation was found between plaque load and any of the investigated epigenetic markers. AU, arbitrary units.
methyltransferase activity in the brain of AD patients (Goggins et al., 1999) . Inhibition of DNMTs could also explain alterations in DNA methylation, without changes in the levels of DNMT3A, as seen in the present study. The direct and indirect evidence mainly points towards a hypomethylated state in AD. Of the investigated models, only the J20 mice exhibit an age-related global DNA hypomethylation in the hippocampus and therefore seem to best capture this view. Of note, in light of previous observations that DNA methylation increases with age (Chouliaras et al., 2012a; Hernandez et al., 2011) , the lack of an increase in global DNA methylation in the old mice of the APP/PS1dE9 model could be the result of hypomethylation when compared to normal aging. Similarly, DNA hydroxymethylation and DNMT3A levels have been observed to increase with age (Chouliaras et al., 2011 (Chouliaras et al., , 2012b Münzel et al., 2010; Song et al., 2011) , therefore, the lack of an age-related change in these markers could be the result of a decrease in comparison to wild-type aged animals. This, however, is beyond the scope of the current study and should be investigated through a direct comparison of transgenic and non-transgenic litter-mates.
Strengths, limitations, and future perspectives
A great strength of the present study is the inclusion of multiple animal models, which has provided crucial insights in how the different mouse models capture AD on an epigenetic level. The inclusion of a non-transgenic non-human primate model provides an additional angle more related to sporadic AD, in contrast to the transgenic mouse models, which are limited to familial forms of AD. Additionally, the use of established immunohistochemistry-based techniques allows the subregion-specific qualitative and semiquantitative analysis of epigenetic markers. Importantly, by using highly specific antibodies 5mC and 5hmC can be reliably distinguished (Chouliaras et al., 2012b; Ficz et al., 2011) , which is not possible with other commonly used techniques for 5mC detection (van den Hove et al., 2012) .
The study also has its limitations, which thus should be taken into account when interpreting the results. First, although the staining and image-analysis procedures were identical for all the models and performed at the same time, the breeding, sacrificing and tissue processing were not done at the same time, which may have resulted in slight differences between the mouse models. The vervet tissue was differently processed and fixed for a longer time, which may affect immunoreactivity. Additionally, the vervets did not live under strict Caribbean vervets Fig. 8 . Correlation analysis results between epigenetic markers 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) and DNA methyltransferase 3A (DNMT3A) immunoreactivity (IR), and the 5mC:5hmC ratio, and plaque load in Caribbean vervets. Shown are the background-corrected and scaled integrated density data plotted against the scores of hippocampal plaque load, for the dentate gyrus (DG), cornu ammonis (CA) 3, and CA1-2 subregions of the hippocampus. Fitted linear regression lines are shown for clarity. No statistically significant correlation was found between plaque load and any of the investigated epigenetic markers. AU, arbitrary units.
experimentally controlled conditions such as the mouse models, which may result in more variation. The exclusion of an aging wild-type mouse group may be seen as a limitation, but our group has previously reported extensive epigenetic investigations in normally aging mice (Chouliaras et al., 2011 (Chouliaras et al., , 2012a (Chouliaras et al., , 2012b Lardenoije et al., 2015b) , which were done in a similar manner and can therefore be used to compare the current findings in relation to AD with. Although the used techniques allowed for a subregion-specific analysis of epigenetic markers, recent work has shown that distinguishing between cell-types may also be relevant in the context of neurodegeneration (Mastroeni et al., 2017; Sanchez-Mut et al., 2017) . The borderline significance often observed in the present study suggests that it could have benefitted from larger sample sizes to increase power. However, since this explorative study depended on the availability of animals from other studies, it was not possible to increase the samples sizes. It remains an important point, which has been previously raised (Lunnon and Mill, 2013; Sanchez-Mut and Gräff, 2015) , that most current epigenetic studies are relatively small, which may result in the large differences in results. Therefore, there is a need for large, high-powered studies that may provide more conclusive results. Additionally, gene-specific epigenetic investigations would benefit from the integration of different levels of epigenetic regulation, as well as gene expression measurements (e.g. see (Budden et al., 2015) ). Nevertheless, the present study serves as an important foundation to guide future AD-related epigenetics research in animal models.
Conclusion
This study set out to determine age-related changes in immunohistochemically detectable markers related to DNA methylation in several widely used and genetically different animal models of AD, and to determine how these models reflect the epigenetic changes observed in AD. In the J20 model global DNA hypomethylation was observed in the hippocampus, while in the 3xTg-AD model global hypermethylation was observed. No alterations in DNA hydroxymethylation or DNMT3A levels were detected in these models. In APP/PS1dE9 and Caribbean vervets, no age-related global epigenetic changes were observed. Although plaque load generally increases with age, a slightly different pattern was seen in the correlation analysis between plaque load and the epigenetic markers. A negative correlation between 5mC and the 5mC:5hmC ratio was found in the J20 model, and in the APP/PS1dE9 model the 5mC:5hmC ratio and DNMT3A showed a negative correlation with hippocampal plaque load. For 3xTg-AD mice and vervets no significant correlations were detected. The main differences between the investigated models were thus in the age-related changes in DNA methylation. Other studies looking at DNA methylation or the effects of Aβ, tau, and SAM/SAH on DNA methylation report mixed results, but appear to lean towards global hypomethylation in AD. Although this would suggest the J20 model best captures the global epigenetic changes related to AD, it appears the different genotypes of the models differentially affect the course of age-related epigenetic changes. Exactly how mutations in the APP, PS1, and MAPT genes interact with the epigenome remains to be elucidated in future studies.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.mcn.2017.11.002.
